The interplay of charge orders with superconductivity in under- 
strength of superconductivity, has been the subject of a long-term debate. We combined three complementary transport techniques on underdoped La 1.8−x Eu 0.2 Sr x CuO 4 with a "striped" charge order and a low H = 0 transition temperature T The understanding of the normal state is further complicated by the nearly ubiquitous existence of periodic modulations of charge density in superconducting cuprates 7 , raising
questions about the precise interplay of charge order and HTSC, especially under extreme conditions of high magnetic fields 7, 8 . Therefore, the key question is the evolution of superconducting correlations with both T and H in the presence of charge order, as well as the evolution of ground states with H.
Underdoped cuprates are highly anisotropic, layered materials, and thus behave effectively as two-dimensional (2D) systems 5, 9, 10 . Understanding the suppression of 2D
superconductivity by H and the nature of the resulting ground states remains, however, a fundamental problem in its own right even in conventional superconductors 11, 12 . In particular, the key issues are the role of the vortex matter and the existence of intermediate phases. For example, in weakly disordered films (with normal state resistivity ρ n small compared to the quantum of resistance h/e 2 ), anomalous metallic states have been reported (e.g. refs. [13] [14] [15] [16] [17] [18] , but they remain controversial and not well understood. Studies of cuprates, which are relatively clean materials, can thus provide important insight into the nature of ground states in 2D systems in the presence of H (ref. 5 ).
To address the above questions, we study underdoped La 1.8−x Eu 0.2 Sr x CuO 4 (LESCO)
in which static, short-range charge order is present already at H = 0 and, as in other La-based cuprates 19 , it coexists with the antiferromagnetic spin-density-wave order at low enough T < T SO < T CO ; here T SO and T CO are the onsets of static, short-range spin and charge orders or "stripes", respectively, and T c (x) is suppressed for doping near Supplementary Fig. 1 For the in-plane transport, T The in-plane magnetoresistance (MR) measurements show (Fig. 2a) that the positive MR, indicative of the suppression of SC, appears below ∼ 35 K. As T decreases further, a negative MR develops at the highest fields, resulting in a peak in ρ ab (H) at H = H peak (T ) for T < T 0 c . In cuprates, a peak in the MR has been observed 27 so far only in underdoped La 2−x Sr x CuO 4 (LSCO), and its similarities to that in films of conventional superconductors near a field-tuned superconductor-insulator transition have led to the suggestion 28 that, in both cases, H peak represents the field scale above which the superconducting gap, a measure of the pairing strength between electrons that form Cooper pairs, vanishes.
The most interesting, novel observation though is that of a shoulder that appears in the MR in the H < H peak region for T 1 K and becomes more pronounced with decreas- Fig. 3 . The arrow shows that the splitting of the ρ ab (T ) curves for different H becomes pronounced when R /layer ≈ R Q ; T ≈ 15 K.
ing T (Figs. 2a and 2b ). At much lower T 0.05 K, the MR in this range of fields becomes hysteretic, with the size of the hysteresis growing with decreasing T . Moreover, here ρ ab (T ) has an insulatinglike T dependence (i.e. dρ ab /dT < 0), in contrast to the metalliclike behavior (dρ ab /dT > 0) outside of the hysteretic regime (Fig. 2b) . In general, a hysteresis is a manifestation of the coexistence of phases, i.e. it indicates the presence of domains of different phases in the system. Typical signatures of such systems include slow, nonexponential relaxations and memory effects, which are indeed observed here, within the hysteretic regime ( Supplementary Fig. 2 ). Figure 2c and Supplementary Fig. 3 show the ρ ab (T ) curves extracted from the MR measurements for H ≤ 18 T and 18 ≤ H(T)≤ 35, respectively. When the normal state sheet resistance, R /layer , is close to the quantum resistance for Cooper pairs,
2 , which occurs for T ≈ 15 K, the ρ ab (T ) curves start to separate from each other ( Fig. 2c) : lower-H ρ ab (T ) curves exhibit a metalliclike drop associated with SC, while higher-H curves show a tendency towards insulating behavior. This is remarkably reminiscent of the critical resistance close to R Q in 2D films of many materials at a T = 0 phase transition from a superconductor to an insulator 11, 12 . Such a transition is generally attributed to the destruction of superconducting coherence by strong phase fluctuations;
Cooper pairs that form the superconducting condensate thus survive the transition to the insulator. In La 1.7 Eu 0.2 Sr 0.1 CuO 4 , the low-T behavior is more complicated than in this simplest scenario, with the ρ ab (T ) curves exhibiting nonmonotonic behavior. In particular, the dashed line in Fig. 2c tracks the values of T where the metalliclike drop of ρ ab (T ) is interrupted or weakened, starting from T ∼ 2 K for H ∼ 3 T, and then turning into insulatinglike behavior at higher H (e.g. T ∼ 0. 2 line shows the (T, H) values where the sheet resistance, or resistance per square per CuO 2 layer, R /layer , changes from R /layer < R Q = h/4e 2 at lower H, to R /layer > R Q at higher H. Region IV is the H-induced normal state. The fields H p (T ), H a1 (T ), H b (T ), and H a2 (T ) (yellow symbols) show where characteristic changes in ρ c /ρ ab occur, with H a1 (T ) and H b (T ) reflecting the emergence of the novel insulatinglike region within the VL. Blank (white) areas are regions with no data available. Zero-field values of T SO and T CO are also shown; both spin and charge stripes are known to be enhanced by H (see main text). . However, in a striking contrast to LSCO, which at best has a very weak charge order 30 , an unanticipated region of insulatinglike (dρ ab /dT < 0) behavior emerges within the phase-fluctuations regime, becoming broader with decreasing T (Fig. 3 ). Although it is most pronounced for T 0.05 K (domelike region III) where the hysteretic phenomena are observed, the precursors, i.e. the weakening of the metalliclike T dependence, become visible already below ∼ 1 K. This corresponds to the appearance of a shoulder in the MR curves ( Figs. 2a and 2b) . We note that the insulatinglike dρ ab /dT that develops in region III is at least as strong as the one observed at the highest fields ( Supplementary Fig. 5 ).
Interestingly, the line of (T, H) values where R /layer changes from R /layer < R Q at lower H, to R /layer > R Q at higher H ("h/4e 2 " line in Fig. 3 ), extrapolates roughly to the lower-field end of the hysteretic dome (H ∼ 10 T) as T → 0, suggesting that the onset of the dome may be related to the localization of Cooper pairs. These observations naturally raise the question about the extent of superconducting correlations.
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Nonlinear transport and superconducting correlations
The onset of superconducting fluctuations can be determined from the positive MR at high T (Fig. 2a) as the field H ′ c (T ) above which the MR increases as H 2 ( Supplementary Fig. 6 ), as expected in the normal state, and fitted with
This method, however, cannot be used at lower T where the MR develops a peak (Fig. 2a) , and it is less direct than the nonlinear transport measurement. The second technique, therefore, involves measurements of nonlinear current-voltage (I-V ) characteristics at fixed H and T (Methods), in addition to the linear resistance R ab ≡ lim I dc →0 V /I discussed above. When T < T c , dV /dI is zero as expected in a superconductor ( Supplementary   Fig. 7a ), since small values of I dc are not able to cause the depinning of the vortex solid. However, at higher H, where T c is suppressed to zero, a zero-resistance state is not observed even at I dc = 0 ( Supplementary Fig. 7a ), down to the lowest T (Fig. 4a) , while the I-V characteristic remains non-Ohmic and dV /dI increases with I dc . This type of behavior is attributed to the motion of vortices in the presence of disorder, i.e. it is a signature of a viscous VL or a vortex glass [2] [3] [4] . Therefore, the measured I-V characteristics support the identification of the region II and the metalliclike (dρ ab /dT > 0) region at higher 15 ≤ H(T)≤ 16.5 ( Supplementary Fig. 7b ) as the VL.
Surprisingly, the same nonlinear transport is observed in the insulatinglike (dρ ab /dT < 0) regime that emerges within this VL ( Fig. 4b and Supplementary Fig. 7b ). Here, the increase of dV /dI with I dc is precisely the opposite of what would be expected in the case of simple Joule heating, confirming the presence of superconducting correlations in the domelike region III of the phase diagram (Fig. 3) . A systematic study of nonlinear transport for different T and H (e.g. Supplementary Fig. 7c ) establishes the non-Ohmic behavior for all H < H * (T ) and Ohmic behavior for H > H * (T ) in Fig. 3 ; as T → 0, Previously, a much lower, ∼ 8 T pair-breaking field was reported on La (Fig. 3) .
Anisotropy
The evidence for novel ordering of Cooper pairs comes also from the anisotropic transport (Fig. 5) . In H = 0, ρ c vanishes at (5.5±0.3) K ( Supplementary Fig. 8 ), i.e. at the same T T is lowered below T 0 c , ρ c /ρ ab develops a distinctly nonmonotonic behavior as a function of H. At T = 0.017 K, for example, the anisotropy increases with H by over an order of magnitude before reaching a peak (ρ c /ρ ab > 10 5 ) at the field H p , followed by a similarly large decrease to H-independent values, comparable to those at high T , for the highest H > 20 T. This further supports our conclusion that the H > 20 T region corresponds to the normal state. Interestingly, a smooth, rapid decrease of the anisotropy for H > H p is interrupted by a "bump" or an enhancement in ρ c /ρ ab , occurring at H b between the fields H a1 and H a2 (Fig. 5) . These characteristic fields are strongly pronounced in the second temperature derivative even at fairly high T (Supplementary Fig. 9 ), which is how they were therefore determined more precisely for the in-plane phase diagram in Fig. 3 . , and H b that characterize the region of a slower decrease of anisotropy with increasing field. The method to determine H a1 , H a2 , and H b precisely is described in Fig. S9 .
A huge increase in ρ c /ρ ab as H rises up to H p at a fixed T , corresponding to the regime where both ρ ab (T ) and ρ c (T ) rapidly increase from zero ( Supplementary Fig. 10 (Fig. 3) , thus strongly suggesting that it corresponds to some kind of a rearrangement of the superconducting order in the planes.
Summary and discussion
Upper critical field. In cuprates, the value of H c2 , i. (Fig. 3) , we find no evidence for pairing at temperatures comparable to T pseudogap , similar to the conclusions of other, recent studies 10, 26 . Measurements at relatively high T < T c suggest low values of H * needed to close the gap (Fig. 3) , consistent with some reports 26 in La 1.7 Eu 0.2 Sr 0.1 CuO 4 , ρ n < h/e 2 (see, e.g., highest T in Fig. 2c ) and, even in highly underdoped LSCO, ρ n h/e 2 (ref. 5). For H > H p (Fig. 3) , La 1.7 Eu 0.2 Sr 0.1 CuO 4 behaves as a 2D system and exhibits several similarities to thin films of conventional superconductors. However, the emergence of the insulatinglike phase within the VL (Fig. 3) , but with strong superconducting correlations characteristic of a VL (i.e. an increase of dV /dI with I dc , as shown in Fig. 4 ), is unprecedented: it does not resemble anything that has been reported in other 2D superconductors. Namely, an increase of dV /dI with I dc has been observed 13 only in the metallic state that separates a weakly disordered 2D superconductor from the higher-field insulatinglike state in which dV /dI decreases with I dc . This, together with the absence of an insulatinglike regime within the VL in highly underdoped LSCO (ref. 5 and Fig. 1 ), suggests that the origin of the novel insulatinglike behavior with the VL-like I-V characteristic (Fig. 4b) 41, 42 that lie between charge stripes at T < T SO .
The onset of the phase-fluctuations-dominated regime below T SO (Fig. 3) is consistent with this picture.
Therefore, within the PDW scenario, the appearance of the insulatinglike state between the fields H a1 and H b (Fig. 3) (Fig. 3) , suggesting that this state is indeed close in energy to the fluctuating 2D SC that develops in region II for H > H p . It is thus possible to speculate that region III might represent a coexistence of the usual, spatially uniform SC and a PDW SC. Such a state would not be sensitive to disorder 44 , and it could also account for the intriguing reentrance of the VL for H b < H < H a2 ≈ H * . The weak insulatinglike behavior in region III would arise from the localization into some form of a Wigner crystal of Cooper pairs 45, 46 , consistent with the expectation of weak, as opposed to strong, insulatinglike T dependence above the melting temperature of the Wigner crystal, which may be very low 47, 48 .
Alternatively, it might be tempting to attribute the insulatinglike behavior in region III to the properties of the normal state, i.e. region III could represent a coexistence of the VL and the normal state. However, this cannot account for the reentrance of the VL for H b < H < H a2 ≈ H * . One might also speculate that the emergence of region III with the hysteretic MR is related to some kind of a H-induced phase transition occurring in the stripe system itself, in particular spin stripes. Indeed, our observations Measurements. The standard four-probe ac method (∼ 13 Hz) was used for measurements of the sample resistance, with the excitation current (density) of 10 µA (∼ 5 × 10 −3 A cm −2 ) for the in-plane sample and 10 nA (∼ 7 × 10 −6 A cm −2 ) for the outof-plane sample. dV /dI measurements were performed by applying a dc current bias (density) down to 2 µA (∼ 1 × 10 −3 A cm −2 ) and a small ac current excitation I ac ≈ 1 µA 
10
−2 (Fig. S3 ). (Fig. S3) , strongly suggesting that ρ ab becomes independent of T , i.e. metallic, at much higher fields 55 T (Fig. S3 inset) . We note that the possibility 
